We have provided a complete description of light propagation at an oblique angle of incidence in disordered one-dimensional (1D) ultrathin magnetophotonic crystals with an arbitrary number of sheets. We have shown that in the long-wavelength limit, when the parameter
I. INTRODUCTION
One-dimensional magnetophotonic crystals (1D MPCs) are very attractive systems not only for practical applications [1] [2] [3] [4] , but also for theoretical and numerical studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The advantage of 1D systems is that they can be solved analytically within some approximations. The behavior of electromagnetic waves (EMWs) in magnetic multilayers (mostly with periodic profile) has been studied [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In Refs. [5, 6] , using a transfer matrix method, an enhancement of the magneto-optic effects at the band edges of 1D photonic crystals was found, while in Ref. [7] the authors demonstrated an alteration of the band structure in two-dimensional MPCs. The authors of Ref. [8] studied, using a general group-theoretical method, a magnetic layer sandwiched between a pair of identical periodic nonmagnetic stacks (Bragg reflectors), and periodic layered structures composed of alternate magnetic and dielectric layers. It has been shown that the band structure of photonic crystals composed of materials with natural magnetooptic activity can be modified by external static magnetic or electric fields [9, 10] . Fewer papers have been devoted to propagation of EMWs in disordered MPCs [17] [18] [19] [20] . Recently, the effect of disorder on the transmittance of MPCs has been discussed in Ref. [17] in a short-wavelength approximation, where the localization is strong. In this approximation the multipass reflections are neglected so that the total transmission coefficient is approximated by the product of the single-layer transmission coefficients.
At present, most numerical simulations are available as one of the effective tools to analyze the behavior of an electromagnetic wave in magnetic multilayer systems, without * gevork@yerphi.am any restriction on the number of individual layers or on the angle of incidence of the optical wave. The general approach which serves as a basis for numerical and qualitative analysis of propagation of EMWs in 1D MPCs is the 4 × 4 transfer matrix [3] . In the framework of transfer matrices, in each MPC layer, there are four waves propagating independently of each other in two opposite directions, and any attempt to get closed analytical expressions for the reflection or transmission amplitudes in 1D MPCs with a finite number of layers, based on the 4 × 4 matrix approach, is practically impossible.
One reason is that the products of the individual transfer matrices do not commute, and one needs to calculate the product of all transfer matrices which exponentially increases with their number. This is the main difficulty of the transfer matrix method, which has been present in many studies of the localization length in 1D disordered systems (see, e.g., Refs. [21, 22] ).
Another reason is that, because of the anisotropy of the medium, mode coupling appears at the interface, and even for the special case of a periodic layered medium, closed forms for the reflection and transmission amplitudes are too complicated to derive [3] .
To simplify the calculations and avoid any mode coupling in 1D MPCs, the transmission and reflection magneto-optic effects in a periodic magnetic multilayer were described using the formalism originally developed for an isotropic multilayer [11] . The simplifications are made possible thanks to the restriction to the normal light incidence and assuming the absence of mode conversion. In this particular case the product of transfer matrices M can be replaced just by a block diagonal matrix with the off-diagonal blocks being zero matrices [11] . Then, making use of the properties of Chebyshev polynomials, in Ref. [11] the analytical representations for the transfer matrix M of a periodic multilayer with arbitrary modes were provided. However, ignoring the mode conversion is an essential simplification, and this is the main reason why the approximate expressions well reproduce the results of the exact numerical calculations in a very narrow range of magnetic film thicknesses and depend on the wavelength and polarization state of the incident radiation (see Ref. [11] for more details).
Another type of simplification of transfer matrix M in magnetic multilayer systems, which still describes the process correctly, can be reached by using the ultrathin film approximation [13] [14] [15] , assuming that a layer thickness is much smaller than the radiation wavelength (in the nth layer medium). In this approach, the off-diagonal elements of the individual transfer matrix M (n) are different from zeros, in contrast to the model discussed in Ref. [11] . Based on Bloch's theorem and the explicit expression of a single transfer matrix M (n) , the energy spectra of infinite periodic structures were studied in 1D and 2D systems in Refs. [13] [14] [15] ; however, probably because of technical difficulties inherent to the transfer matrix method, the disordered multilayer systems were left out of their discussions.
In the present paper we develop a different approach to study the behavior of EMWs in disordered 1D PMCs, based on the ultrathin film approximation combined with the characteristic determinant (CD) method, originally introduced to study the quantum transport of electrons in quasi-one-dimensional (Q1D) disordered systems [23, 24] . The CD method allows one a sufficiently complete description of electron behavior mapped into a 1D problem with modified matrix elements and without actually determining the eigenfunctions of the electron.
In our discussion we will remove the limitations on the normal incident light and on the absence of mode conversion, which was an essential assumption in Ref. [11] . We will assume that s and p modes are coupled to each other via a magnetically induced anisotropy [see below, Eq. (1)] and, we will relate the EMW propagation problem to the Anderson localization of electrons in Q1D systems with two channels. The mapping of the light propagation in a 1D PMC disordered system to quantum transport of electrons in the Q1D strip model is done in three steps. First, one introduces the conventional description of the electron's scattering matrix elements in terms of characteristic determinants. In the second step, the characteristic determinants are written in terms of individual light scattering parameters, using the equivalence of electrons and electromagnetic waves. Finally, using the scattering matrix elements (20) and (21), we properly describe the asymptotic behavior of an EMW in 1D MPCs. The last step was based on the fact that the parameter |γ | ≡
is much less than unity [ L,R is the relative permittivity for leftand right-polarized light, d is the thickness of sheet, and λ is the wavelength; see below, Eq. (17) ] in the whole range of the wavelength (approximately from 600 to 1300 nm) where the magneto-optic parameters have been studied experimentally (see, e.g., Refs. [11, 12, 25] and references therein). Thus, the existence of such a small parameter γ indicates that the propagation of light in 1D MPCs and charge transport in a Q1D disordered two-channel system become equivalent. The last step will have to be justified, but the advantage of this step should be obvious: the whole theory of EMW scattering reduces to the problem of calculating the determinants. We will come back to this point below in more detail, but note that the results of our simulation support the analytical expressions based on this assumption (see Sec. V).
Thereby, throughout the paper we will assume that the inequality |γ n | 1 is satisfied for all the real parameters that characterize each of the MPC's sheets (see, e.g., Refs. [15, 25] ). Taking into account this condition, we will calculate the localization length of an EMW in 1D MPC systems in the weakly disordered systems for s-, p-, and circularly polarized waves. The approach will allow us to calculate analytically the scattering matrix elements for EMWs in 1D disordered MPCs without actually determining the eigenfunctions of the light. It will be shown that the elements of reflection and transmission amplitudes may be presented in the form of a ratio of two determinants where both the numerator and the denominator are polynomials of N th degree (N is the number of MPC sheets).
The work is organized as follows. In Sec. II we formulate the problem. In Sec. III we consider the technically simple case of the periodic structure, and appropriate analytical expressions for scattering matrix elements and for Faraday and Kerr angles of rotations are derived. Disordered systems are studied in Sec. IV where we calculate the localization lengths for s and p modes, as well as for circularly polarized light. Numerical results are presented in Sec. V. They are in excellent agreement with our analytical expressions for scattering matrix elements and localization lengths. Finally, the main conclusions are summarized in Sec. VI. In the Appendix we show the explicit expressions for the transmission amplitude, T (2) ss , for the case of two different sheets calculated directly: (i) multiplying the individual transfer matrices, Eq. 
II. 1D ARRAY OF N INFINITESIMAL MAGNETOACTIVE SHEETS
Let us consider a 1D array of N MPC layers with spatial period a, as shown in Fig. 1 . Incident light with a wave number k enters from the left at an angle θ with respect to the x axis. We choose the plane y0z coinciding with the boundary of two media, and the plane z0x coinciding with the plane of the incident wave. Each slab is assumed to have vacuum on either side and has a thickness d and relative permittivities L and R for left-and right-polarized light, respectively. The (n) , which takes into account the multiple reflection and represents the given structure with the particular disorder configuration.
However, as was mentioned in the Introduction, in principle it is impossible to get the analytical exact expressions for the scattering matrix elements in a 1D disordered MPC multilayer with an arbitrary number N of slabs, based on M = N n=1 M (n) . This must be done either numerically (see, e.g., Refs. [5, 6] ) or we need to find a significantly simplified algorithm which allows one to calculate the matrix M without affecting the peculiar features of MPCs. For the present purpose we develop a method based on the ultrathin film approximation [13] [14] [15] combined with the characteristic determinant method [23, 24] . In the approximation of infinitesimal sheets we let the thickness d of the magneto-optic layer tend to zero, L → ∞, and R → ∞, in such a way that the products L d = m L = const and R d = m R = const. In this limiting case the expression for the 4 × 4 transfer matrix of the nth single magneto-optic active layer, which relates the electric and magnetic fields of incident light on the left and right sides, can be written as [3, 15] 
where k and k x are defined in the optically inactive medium. The rest of the parameters are defined as follows:
The latter two parameters with dimensions of length, m n and n , are the averaged optical property and its magnetically induced anisotropy of a single nth sheet [11] and characterize the 1D MPC system in the limit of infinitesimal thickness. The inhomogeneous dielectric tensor i,j varies only in the x direction: it is unity everywhere except the planes that are located at x = na [n = 0,1, . . . ,(N − 1)]. From Eq. (1) it follows, as one must expect, that if the parameter of magneto-optic activity is equal to zero, then the transfer matrix M (n) reduces to a block diagonal matrix and one can separate s and p polarizations. If is not equal to zero, then we are dealing with the hybrid mode and a simple separation of s and p modes becomes impossible. In the sense of coupling modes a 1D MPC is similar in spirit to two different models for a disordered quasione-dimensional wire where the coupling constant mixes all the modes and the Shrödinger equation for a discrete lattice becomes a set of infinitely coupled algebraic equations [26, 27] . The models are (i) a set of N two-dimensional Dirac δ potentials V l with signs and strengths determined randomly:
and (ii) a Q1D disordered lattice of size N × M described by the standard tight-binding Hamiltonian with modes M and on-site disor-
is the strength of the random potential at site (j,l) and t is the hopping matrix element). The Dyson equation for the two models was solved exactly, without any restriction on the numbers of impurities (N ) and modes (M) [23, 24] . The CD approach leads to the description of the scattering matrix elements in terms of determinants of rank N × N that are built up of the transmission and reflection coefficients of the individual scatterer.
We shall not repeat here the calculations presented in Refs. [23, 24] , but state the final expressions for an electron's scattering elements in an M multichannel system. For reflection R (N) nm and transmission T (N) nm amplitudes for an electron, incident from the left, we have
and
respectively. The index n (m) indicates the nth (mth) channel. k xn is the wave vector in the nth channel and is defined as (h = 2m 0 = 1)
for the two-dimensional Dirac δ potentials with hard wall conditions in the y direction (E is the Fermi energy, n is the subband index, and W is the width of the system in the y direction). For the TB model k xn is defined as
, n = 1,2, . . . ,M, hard wall conditions,
023842-3
If the electron is incident along the mth channel, then r
nm is the reflection amplitude from the nth channel for the isolated potential V l (or j,l ) in the absence of the remaining (N − 1) potentials [23, 24, 27] 
Notice that, for both mentioned models, r
nm satisfies the condition
and is completely independent of the boundary conditions (see Refs. [23, 24, 27] ). As we will see below, this condition plays a key role in this study and allows one to map the problem of the EMW propagation in 1D MPCs onto a Q1D strip model with two channels, assuming that the same type of condition is also true for the photon's reflection amplitudes from a single sheet.
Therefore, before considering the full set of N MPC sheets presented in Fig. 1 , it is worth verifying the relation (7). To this end, let us first study a single sheet and find the transmission and reflection amplitudes for s and p modes. Let us define the electric field transmission and reflection amplitudes for s modes (with electric field vector E perpendicular to the plane of incidence) in the matrix form ⎛
where M (n) is given by (1). The physical meaning of the scattering matrix elements t
nm is the transmission amplitude of the light through the single sheet from the channel n to the channel m, r (n) nm is the reflection amplitude from the nth channel, if the photon is incident along the mth channel. The transmission, t (n) nm , and reflection, r (n) nm , amplitudes are expressed in terms of matrix elements of M (n) as follows:
where
In a similar way we calculate the parameters t
pp , and r (n) ps for p-polarized light, when the electric vector E lies in the plane of incidence:
It is easy to check that the conservation law takes effect for s (p) waves:
As for the condition (7), we have
One can see that, in contrast to the case of tight-binding and delta potential models [see Eq. (7)], the right-hand side of the above equation is not zero. However, as it was mentioned above, in the long-wavelength approximation the parameter |γ n | is very small. Hence, in this approximation the right-hand side of Eq. (17) will be replaced by zero and will justify the application of the CD formalism to the propagation of EMWs in 1D MPC disordered systems. It is important to note that the condition | γ n A n | 1 does not lead to ignoring the coupling of s and p modes. As we will see later (see Sec. V), in the relatively large wavelength limit where most of the experiments were done, the mentioned inequality is satisfied (see for example Refs. [5, 6, 15, 25] ).
Keeping in mind the mentioned inequality, the denominator of (2) and (3), for s and p modes, can be rewritten as
Naturally, the scattering matrix elements (2) and (3) can alternatively be calculated using also the following denominator:
The final answer for scattering matrix elements is insensitive to these changes. We remind the reader that in Eqs. (18) and
nm (n,m = s,p) are reflection amplitudes from a single sheet and are given by Eqs. (11), (12), (15) , and (16) .
The final expressions for the total reflection and transmission amplitudes R (N) nm and T (N) nm (n,m = s,p) which we are going to use throughout the paper are
We would like to recall that the photon's scattering matrix elements (20) and (21) are exact, valid for an arbitrary disordered profile without any restriction on the number of sheets, provided that |γ n | 1. Modeling of the optical response of a 1D MPC disordered system in terms of the proposed characteristic determinant formalism has a few advantages: First, for a small number of sheets the determinant can be calculated easily (see the Appendix). Second, the addition of one MPC sheet in the system with N sheets corresponds to the addition of one new row and new column in D (N) . This means that in some particular cases (e.g., periodic and quasiperiodic structures) one can write a recurrence relationship for a determinant D (N) (see Sec. III). Finally, using the general method of expanding a determinant in terms of its complementary minors in the weak disorder regime, one can calculate the localization lengths for s and p modes (see Sec. IV).
III. PERIODIC SYSTEM
Unfortunately, there is no technique for calculating the scattering matrix elements, Eqs. (20) and (21) , in the general case of N disordered sheets (one needs to evaluate large N × N matrices with arbitrary elements). However, the periodic structure, due to its simplicity, enables us to resolve the problem and get closed analytical expressions for scattering matrix elements. This will be done in this section. In the next section ("Disordered system") we calculate the localization lengths based on the approximate expressions (45) and (46).
First, let us evaluate the denominator of expressions (20) and (21) . After tedious but straightforward calculations one can show that the determinant D N , Eq. (18) [or (19) ] can be presented in tridiagonal Toeplitz form, where the only nonzero elements are the diagonal elements nn, and the nearest-neighbor elements n ± 1. Hence, determinant D N satisfies the following recurrence relationship: 
Here β plays the role of quasimomentum and is defined by the dispersion relation
This transcendental equation for the photonic band structure for a 1D MPC is analogous to the solution of the KronigPenney model in the electronic structure problem, provided that the inequality |γ /A| 1 takes place in the periodic system. When the modulus of the right-hand side of Eq. (24) turns out to be greater than 1, β has to be taken as imaginary. This situation corresponds to a forbidden gap in the frequency spectrum of an infinite system. It is worth noting that Eq. (24) does not coincide with the expression expected from the exact dispersion relation [15] 
To find a solution of Eq. ( 
. Solving Eq. (25) and taking into account the initial conditions for c 1 and c 2 , we obtain for D N the following expression:
Expression (26) indicates that the denominator of scattering matrix elements D N is (−1) l e iNk x a , for all N when the interference term sin Nβa/sin βa = 0. The former occurs at Nβa = πl and produces N − 1 oscillations in each spectral band associated with the total system length Na. Note that above described behavior of D N is similar to the one obtained in 1D periodic systems with nonmagnetic sheets (see for example, Refs. [28, 29] ).
A. Scattering matrix elements
s polarization
As mentioned, the numerator of T 
In a similar way one can show that
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p polarization
The numerator of T (N)
pp can be found in a similar way. Hence, the final answers for scattering matrix elements for p modes are
B. Conservation law
Via Eqs. (27)- (30) it is straightforward to check that, for the scattering matrix elements of s modes, intensity conservation takes place:
with
Expression (35) is practically equal to 1 for a wide range of parameters. A similar equation holds for the p modes.
C. Magneto-optic effects
For an incident wave linearly polarized parallel to the y axis the expressions for Faraday and Kerr rotational angles are as follows.
(1) s polarization:
(2) p polarization:
As it is seen from Eqs. (38) and (40), the θ R s and θ R p are independent of the number N of sheets and are purely imaginary. The latter means that, in the frame of our approximation, i.e., when |γ | 1 takes place, there is no rotation of the electric field vector E with respect to the l e iNk x a and the reflection coefficients become very small. This type of relation between large Kerr rotation enhancement and a large reduction of the reflection coefficients was experimentally observed in Refs. [6, 25] . We would like to stress that, within our assumption |γ | (30)]. However, as follows from the transfer matrix calculations, there is a very small separation between the zeros of order of 10 −7 or ∼γ 2 . Clearly, our analytical approximation is not accurate enough to predict the exact numerical result of order of 10 −7 , but on the other hand our approximation is good enough to guarantee a sufficient accuracy for fitting all the numerical results presented in this paper (see Figs. 2-7) . However, these small shifts lead to oscillatory patterns of the θ R s . Note that our numerical calculations also show that, in case of disordered systems, the real and imaginary parts of the Kerr rotational angles are of the same order of magnitude. This fact can serve as a precursor of light localization similar to the backscattering peak in the reflected wave [30] .
The ratio of the ellipse semi-axes for s modes is determined by the relation (b s < a s )
while for p modes it is
In Ref. [31] the angle of rotation of the polarization and the ellipticity of the light in an external magnetic field are calculated in terms of the density of states and transmission. It was shown that the complex angle of Faraday rotation θ T in a 1D random layered structure is a self-averaging quantity; i.e., the distribution function of the values of θ T is logarithmically normal about its geometric mean ln θ T , while its value fluctuates from sample to sample. Moreover, it was shown that θ T can be expressed through the localization length and density of states for the left-and right-polarized waves [31] . In other words the measurement of the angle of rotation from the frequency gives information on the density of states in random media. The experimental verification of this type of direct connection can be found, for example, in Ref. [16] , where a strong enhancement of the Faraday rotation at the edges of the photonic band gap was measured in 1D magnetophotonic crystals. We indeed see in Fig. 2(b) that the derivative of the real part of θ T s versus the frequency ω is an oscillating function of ω (N − 1 times in each allowed band); the amplitudes of the oscillating parts in each allowed band increase with frequency and finally in each forbidden gap dθ T s dω drop markedly. In Ref. [16] it was reported that the Faraday rotation angle in finite MPCs appears to be a nonlinear function of the total thickness of magnetic material in the stack, that can be interpreted as the nonlinear Verdet law. This is in agreement with theoretical expectation discussed in Ref. [31] . One can also come to that conclusion [30] calculating the Faraday rotation angle in a diffusive regime in a three-dimensional disordered slab. Thus, it is clear that in a multilayer system the Faraday rotational angle is not a simple function of the total thickness; the net effect is connected with multiple reflections from each interface, which greatly influences the rotation.
IV. DISORDERED SYSTEMS
In this section we present analytical calculations of the Anderson localization of light propagating through random 1D MPCs system with weak uncorrelated Gaussian disorder. We will demonstrate that, for increasing angle of incidence θ , the localization length of p waves has a tendency to increase, in contrast to what occurs for the localization length of s modes. The latter decreases with increasing angle of incidence and tends to zero at θ → π/2.
In order to achieve this particular goal let us introduce the disorder by considering the magnetoactive sheet parameters m L and m R , being random with uniform distribution:
where μ L and μ R are zero-mean independent random numbers within the interval [−0.5,0.5]. m L0 and m R0 correspond to the unperturbed MPC parameters while δ stands for the amplitude of the disorder.
In the next standard step we will restrict ourselves to the limit of weak disorder and evaluate the scattering matrix elements of 1D MPC systems, Eqs. (20) and (21) 
After ensemble-averaging the above partial transmission and reflection coefficients over the random parameters μ L and μ R , we obtain, successively,
To derive Eqs. (47)- (49) we note that the phases in T (N) nm are irrelevant. In other words, the configuration of sheets is not important for uncorrelated potential in the linear approximation of the perturbation theory, and one might expect to get similar expressions in a quasiperiodic 1D PMC. It is straightforward to check, based on Eqs. (47)- (49), that the sum of all of them (within N 2 γ 1 approximation) is equal to 1 − N 2 γ /2 and the intensity conservation takes place with high accuracy.
A. Localization length
The inverse localization length ξ j (j = s,p) as a function of the system size L = (N − 1)a can be defined as
where the angular brackets · · · represent averaging over the disorder.
Now, replacing ln(|T
2 ) and assuming that for weak disorder the transmission coefficients are close to 1 and thus the reflection coefficients are close to zero, we can expand the right-hand side of Eq. (50). Next, using the explicit expressions for T (43) and (44)] and keeping the terms to order 2 , we arrive at the following expression for the inverse of the localization length (for simplicity, we set m 0L = m 0R = 0 below):
In the above expressions we present k x = k cos θ = . These standard results, when ξ s,p ∼ λ 2 , are rather general for the light localization length in 1D systems. However, the prefactors are different and are strongly dependent on microscopic details of the random potential (see, e.g., Ref. [2] ).
Note that in the absence of magneto-optic activity, i.e., when there is no coupling in between the modes ( = 0), Eqs. (51) and (52) and aξ
, respectively. It is easy to see that the presence of coupling modes enhances the ξ s and reduces ξ p with respect to the values ξ s (0) and ξ p (0) obtained when the coupling modes are absent, assuming that the incident angle is not zero. It is worth noticing that, in a random system of isotropic magnetodielectric layers when characteristic impedance does not change throughout the system, the inverse localization length grows with the angle of incidence and does not depend on the polarization of the incident wave [32] .
Concluding this section, let us note that the localization length for the circularly polarized light can be expressed as
V. NUMERICAL RESULTS
Up to now, we have presented analytical expressions for the scattering matrix elements and for the localization lengths. The numerical analysis will be useful also to test the theoretical prediction given in the previous sections.
Before we proceed further let us first estimate the parameter γ , using the data from Refs. [11, 12] where the magneto-optic response in periodic systems containing ultrathin cobalt magnetic films was discussed. The diagonal and off-diagonal elements of the dielectric tensor are, according to Refs. [11, 12] (d = 0.4 nm) and |γ | ≈ 0.06 (d = 2 nm), respectively. As one can see, the parameter γ even in the visible range of light is much less than unity, and thus the characteristic determinantapproach treatment of the photon transport problem in 1D magnetophotonic crystals discussed in our paper is fully justified. Thus, the above estimation does credit to the characteristic determinant (CD) approach and serves as a good starting point to compare the theoretical results with numerical simulations. First, we present some numerical calculations of the transmission coefficient for s modes, |T
as well as their corresponding reflection coefficient |R
s | 2 , of finite one-dimensional arrays with identical magnetoactive sheets (see again Fig. 1) . These calculations will be performed via the transfer matrix (TM) method and CD approach for two different values of the magneto-optic parameter . Similarly, a numerical analysis of the coefficients |T
p | 2 for p modes will be carried out. In Fig. 3 we show the transmission and reflection coefficients of an array with five identical magnetoactive sheets and spatial period a = 529 nm versus the frequency of the incident light ω. The angle of incidence is 1 rad and the parameters of each sheet m L = 0.55 nm and m R = 0.50 nm. In this situation, the magneto-optic parameter = 0.05 nm or, equivalently, four orders of magnitude less than the period a. One notices that both CD and TM methods yield similar results for the reflection coefficients |R p | 2 , respectively. Nevertheless, the relative error is roughly 1% for higher frequencies. Moreover, the conservation law for s and p modes, Eq. (35), can be easily checked after simple inspection of Fig. 3 . Let us now consider the opposite situation, that is, when the magneto-optic parameter reaches large values. The authors of Ref. [15] used values of = 0.2a for their numerical calculations of two-dimensional magnetophotonic crystals. In this context, in Fig. 4 we have represented the transmission and reflection coefficients for the same one-dimensional array as in Fig. 3 , but now the magnetoactive sheet parameters have been chosen to be m L = 113.74 nm and m R = 0.50 nm. Correspondingly, the magneto-optic parameter is = 113.24 nm, that is, 0.21 times the array period a. In this case we can also appreciate a good agreement between both approaches, which confirms the characteristic determinant as a good theoretical approximation suitable for studying 1D magnetoactive arrays. 
ps | 2 ) via the transfer matrix method and average its logarithm over 800 disorder configurations, using magnetoactive sheet independent random parameters m L and m R , defined by Eqs. Fig. 4(a) .
theoretical results fit relatively well the numerical calculations for long wavelengths and a wide range of incident angles θ . The conventional quadratic behavior of ξ with the incident wavelength, ξ ∼ λ 2 , is recovered [4, 31, 33, 34] , in contrast with recent research which shows a suppression of Anderson localization of light in 1D disordered metamaterials [18] [19] [20] . However, the main discrepancies between numerical and theoretical calculations occur at grazing incidences where θ ∼ π/2 rad, as can be seen in the inset of Fig. 5(b) for ξ p . Moreover, these p modes are more delocalized at increasing angles θ . We will return to this point later. Having a close look at Fig. 5(c) , one observes that the localization length for circularly polarized light ξ sp has a slow dependence on θ up to incident angles of roughly 1 rad, as shown in the corresponding inset. In the right column, the angle of incidence has been fixed to 1 rad and the disorder parameter δ has been changed. Again, a great conformance between numerical and theoretical results can be found at long wavelengths. After a close inspection of Eq. (51) for the localization length ξ s one can conclude that the s modes become completely localized at grazing incidences, that is, when θ → π/2. In order to obtain the limit of validity of our theoretical results for ξ s at high angles θ , in Fig. 6 we represent the localization length ξ s versus the incident wavelength λ for the same parameters as in Fig. 5(a) . Dashed lines correspond to the theoretical expression Eq. (51). Notice a good agreement up to angles of incidence of 1.56 rad. It can be also observed that ξ s is practically independent of λ at incidences near π/2 rad, a direct consequence of the strong localization at grazing angles.
VI. CONCLUSION
We have provided a complete description of light propagation at an oblique angle of incidence in disordered 1D ultrathin MPCs with an arbitrary number of sheets. We have developed an approach based on the ultrathin film approximation combined with the characteristic determinant method, originally introduced to study the quantum transport of electrons in quasi-one-dimensional disordered systems. In our discussion we included mode conversion and removed the limitations of the normal incident light. Under the condition γ /A 1, we relate the EMW propagation problem to the Anderson localization of electrons in Q1D systems with two channels. In order to give a more complete analysis of the behavior of EMWs we discuss first the periodic 1D system. We derive exact and closed analytical expressions for all scattering matrix elements which are in excellent agreement with our numerical calculations based on the transfer matrix method. This agreement does credit to the characteristic determinant method and allows to use the determinant method for characterizing the behavior of EMWs in more complex cases, where the exact solution is not available.
We have also studied the magneto-optical Faraday and Kerr effects and calculated analytically the Faraday and Kerr rotational angles for a periodic system. Our formulas predict correctly the main trends of magneto-optic effects in a 1D system. Particularly, we have shown a strong enhancement of the Faraday rotation at the edges of the photonic band gap in 1D magnetophotonic crystals when the interference term is sufficiently large because of forward-and back-scattered electromagnetic waves. We have also demonstrated that the derivative of the real part of the Faraday rotation respect to the energy of incident photons is closely related to the density of states for the left-and right-polarized waves [31] . Equation (37) indicates that the Faraday angle in the finite MPCs appears to be a nonlinear function of the total thickness of magnetic material in the stack, that can be interpreted as the nonlinear Verdet law. This is in agreement with theoretical expectation discussed in Refs. [30, 31] and observed in many experimental papers (see, for example, [16, 35, 36] ).
We also derived analytical expressions for photon localization lengths, in a weak disordered regime, for s and p modes and for circular polarized light. Presented analytical expressions for localization lengths are in good agreement with numerical calculations, exact up to order δ 2 (δ being the disorder strength), and valid up to angles of incidence of 1.56 rad. The conventional quadratic behavior of localization length with the incident wavelength λ, i.e., ξ s,p ∼ λ 2 , is recovered. However, the prefactors are different and are strongly dependent on microscopic details of the random potential (see, e.g., Ref. [2] ). We show that the presence of coupling modes enhances the ξ s and reduces ξ p with respect to the values ξ s (0) and ξ p (0) obtained when the coupling modes are absent. 
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Evaluating the above determinants, we will arrive the approximate expression 
pp r (2) pp e 2ik x a + r (1) sp r (2) ps − r (1) sp r (2) ps e 2ik x a 1 − e 2ik x a 2r (2) ps r (1) sp + r (1) pp r (2) pp + r 
ss . Equation (A1) is based on the transfer matrix method while the analogous expression, Eq. (A4), is calculated using the characteristic determinant method. The very good agreement between transfer matrix and characteristic determinant calculations shows that the determinant approach can properly describe light interference effects due to multiple scattering in the 1D MPCs in the γ n A n 1 approximation. Accordingly, the determinant method may be explicitly used for a small N to get analytical expression for scattering matrix elements.
